This paper explores the relationship between regional circulation anomalies and the interannual variability of surface temperature in Southern South America, east of the Andes (SSA). Two sets of monthly surface temperature for the 1963-1990 period were used; one was taken from the NCEP/ NCAR reanalysis, and the other was built from the synoptic network records. Although these sets present some differences between them, the conclusions found are independent of the data set.
Introduction
The interannual variability of surface temperature in Southern South America, east of the Andes (SSA) has received little attention, probably because it is not very large. In fact, the interannual standard deviation of monthly mean temperature in winter ranges from 1 C in the south of Argentina, to 2 C in northeastern Argentina and southern Brazil, while in summer it is around 1.5 C with little spatial variability. Minetti and Vargas (1983) discussed the interannual fluctuations of temperature in South America. They focused on the cold period of the 1950-decade when the mean position of the Pacific high on the Chilean coast was northward of its climatological mean latitude. In the case of the surface temperature variability in SSA, associated with the El Niñ o-Southern Oscillation (ENSO), there are also few papers as compared with those on precipitation. In one of the global studies on the behavior of surface temperature during ENSO events, Kiladis and Diaz (1989) calculated the difference between temperature anomalies during EN and LN events. They found positive differences in the winter of the onset year of the events, year (0), in most of subtropical South America. These differences weaken considerably during the austral spring (SON (0)), and there is very little geographic congruence in the temperature anomalies of the warm and cold events in the subsequent seasons with the exception of both the West Coast in D (0) JF (þ) and the subtropical regions of SSA in MAM (þ) where they found positive differences. The symbol (þ) stands for the calendar year after the onset of the event. In another global study, Halpert and Ropelewski (1992) found very consistent ENSO-temperature relationships along the West Coast of South America, where the sea surface temperature (SST) changes in the eastern Pacific respond to ENSO. They also found that the El Niñ o event composite has above-normal temperatures from May (0) through April (þ) in southern Brazil, Paraguay, the eastern half of Bolivia, and the northern part of Argentina. The composite based on the cold event years for a similar region, but extending further south to include Uruguay and central Argentina, indicated that below-normal temperatures extend from October (0) through May (þ). However, both composites showed that December temperatures have a near normal average. Aceituno (1988) calculated the correlation between the Southern Oscillation Index and air temperatures at land stations in South America. In SSA, the correlation coefficients are generally not significant, except for SeptemberOctober when negative correlations prevail in the subtropical part of SSA and in May-June when there are significant positive correlation coefficients in the southernmost tip of the continent. Camilloni and Barros (1995) calculated the regional surface temperature trends in an area that includes most of the subtropical Argentina and Chile, Paraguay and Uruguay. After correcting data for urban biases, they found a trend in the regional average of only 0.1 C/100 year over most of the twentieth century.
The previous papers discussed the interannual variability of surface temperature, but they have not discussed the possible mechanisms causing the surface temperature anomalies in SSA. On the contrary, Tanaka and Nishizawa (1983) , in a case study, analyzed the rainfall, temperature and circulation anomalies over South America for the last phase of the El Niñ o event 1982-83. They showed that during April 1983 at 850 hPa, there was an intensification of the South Atlantic high in its western border over eastern Brazil, and there were negative geopotential anomalies over central Argentina, hence increasing the northern flow over the subtropical SSA. Consequently, from April to July, temperature was above normal around Brasilia but below normal in northern Argentina, perhaps due to the heavy precipitation.
There is a lack of understanding on the relationship between surface temperature over Southern South America and regional circulation features at monthly and seasonal scales, not only in relation to ENSO events, but also in general. Therefore, this paper seeks to contribute to this understanding, using two sets of monthly surface temperature, one taken from the NCEP/ NCAR reanalysis and the other from observed data. Section 2 describes these and other sources of data as well as some methodological aspects of the study. The circulation features that influence the interannual variability of surface temperature in SSA are discussed in section 3, and the largest anomalies of surface temperature during both phases of ENSO are analyzed in section 4. Finally, in section 5 there is a synthesis and final discussion.
Methodology and data
Monthly surface temperatures were obtained from the NCEP/ NCAR reanalysis (Kalnay et al. 1996) as well as from the records of 72 synoptic stations that provided another alternative data set. Since most of the upper-air observations, which were a basic input for reanalysis, started after 1963 and since the surface records were only available up to 1990, the study covered the 1963-1990 period. The observed monthly temperatures were taken from NCAR for all the countries of the region except for Argentina, which monthly means were calculated from daily synoptic records (Fig. 1) . The reanalyzed data have a resolution of 2.5 latitude by 2.5
longitude. The observed data were also averaged in a 2.5 latitude-longitude array, weighting each value by the inverse of the distance to the center of the cell. Due to sparse data, averages included all data up to a distance of 500 Km to the center of each cell.
NCEP/ NCAR reanalysis was also the source for 925 hPa winds and temperature, for 850 hPa geopotential and for the zonal wind component at 200 hPa. In addition, the geopotential at 850 hPa from six radiosonde stations were alternatively utilized.
Both sets might have problems. Though surface temperature reanalysis has passed a consistency analysis, it may have errors due to the model difficulties in describing the flow near the Andes as well as in reproducing the diurnal cycle. Thus, distortions could appear in monthly anomalies especially when they are of small magnitude, of the order of 1 C or less, as it is the case of most of the monthly and seasonal anomalies of EN and LN events. The observed data set is not better than the reanalysis since it has not undergone through a rigorous consistency control analysis with other fields as in the reanalysis case, and only checkups for outliers were performed on the Argentinean daily data. Therefore, all subsequent analyses were duplicated using both data sets to reduce the chance of misleading conclusions induced by pitfalls in a data set.
Transient systems might influence more monthly averages than quarterly averages. Therefore, to gain significance, composite anomalies were calculated for three-month periods with one-month overlap in order to distinguish signals that are not completely in phase with the calendar seasons.
El Niñ o (La Niñ a) events were considered to occur when the 5-month running means of the monthly SST anomalies, with respect to the 1950-79 period in El Niñ o 3.4 (5 N-5 S; 120 W-170 W) region, were þ0.3 C (À0.3 C) or more (less) for at least six consecutive months (Trenberth and Hoar 1996) . Table 1 displays the onset years of EN and LN events. To assess the anomaly consistency during EN and LN events, a test based on the hyper-geometric distribution was applied to every grid point. For example, to test the consistency of the relationship EN-above-normal temperature for a population that contains r EN episodes and in k of them the temperatures are below normal, the probability of obtaining more than k cold cases taken randomly from a sample of r episodes was computed (i.e., the cumulative probability of obtaining k þ 1; k þ 2; . . . ; up to r cold cases). This gives the significance level of this relation- ship. Since warm and cold cases were defined as those with above and below normal temperatures respectively, the consistency level calculated does not depend on the magnitude of the anomalies. Sometimes the strongest anomalies in the composites are not the most consistent ones, as they might be originated in outliers. Due to the peculiarities of the interpolation / extrapolation scheme of the graphics software (GRADS), it is possible for the area with significant consistency to extend up to relatively low values. Furthermore, consistency of EN (LN)-related anomalies was calculated for each grid point, which is much more demanding than if it had been calculated for larger coherent regions, and thus lower significance should have been expected.
Climatic aspects related to SSA surface temperature
In the middle and high troposphere, mean conditions over SSA are dominated by the westerly flow throughout the year. In winter this flow is broader in latitude and the subtropical jet reaches 25 S, while in summer, the maximum winds are weaker and displaced south to near 35 S. North of 40 S, the quasistationary highs of the South Atlantic and the South Pacific control the near surface circulation. An intermittent low-pressure center known as the Chaco low appears most of the time in western and central Argentina, and southern Bolivia. This low results from the surface heating and from the influence of the Andes on the westerly flow. It is observed throughout the year, but it is less intense in winter. It deepens before the passage of cold fronts and disappears for a few days afterwards (Lichtenstein 1982) . Figure 2 shows the mean wind flow at 925 hPa for January and July. At low latitudes, there is an easterly flow from the tropical ocean, which after reaching the proximity of the Andes turns south transporting heat and moisture to the subtropics. Virgi (1981) using satellite data described this flow that has been amply confirmed afterward, even with different data sets (Zhou and Lau 1998) . South of 40 S, a predominant westerly low-level flow persists throughout the year, accompanied by the typical mid-latitude perturbations.
Cold outbreaks have been the subject of a number of papers, probably because of their negative and severe impact on many agricultural activities. Scian (1970) studied a particular case that occurred in June 1967. As in other similar cold outbreaks reported later, the air mass followed a near meridional track moving from the extreme south of South America towards subtropical latitudes. An account of other papers on cold air surges provoking freezing conditions in SSA is given in Garreaud (2000) . On the other hand, the most typical situation, not related to extreme cold outbreaks, is that the transient disturbances have an eastward trajectory until they experience a turn towards the northeast after crossing the Andes Mountains (Gan and Rao 1994) . This description is consistent with one of the two most important modes of synoptic scale wave propagation over subtropical South America, while the other mode presents a more zonal displacement (Vera et al. 2001 ).
3.1 Relationship between upper tropospheric flow and surface temperature North of 40 S, cooling is the consequence of northward intrusions of cold fronts and therefore warming in this region predominates when the frontal zone remains at higher latitudes. On the other hand, the northward displacement of the fronts is associated with a similar shift of the subtropical jet, producing the strengthening of the flow in the northern edge of the westerly belt and its weakening in mid-latitudes. The opposite occurs when the frontal zone remains within middle latitudes (Bejará n and Barros 2000). Therefore, a few indices were constructed to explore the connection between temperature fluctuations in SSA and the relative strengthening or weakening of the westerly flow north and south of 30 S, the latter being the mean latitude of the subtropical jet over SSA (Doyle 1994) . These indices are T SUB , the average surface temperature of the region comprised between 20 S-35 S and 47.5 W-65 W (Fig. 3a ) and T SB that represents the average surface temperature of the 55.0 W-47.5 W, 20.0 S-32.5 S region (Fig. 3b) . In addition, U 1 and U 2 represent the zonal winds at 200 hPa averaged over 20 S-30 S and 45 W-65 W, and over 30 S-40 S and 45 W-65 W respectively (Fig. 3a) . Table 2 shows the correlation coefficients between T SUB and T SB , using the reanalysis and the observed data on one side, and U 1 , U 2 and U 1 =U 2 on the other. They were calculated for every month and for six quarters with onemonth overlap in order to capture any eventual signal that could not be in phase with the calendar seasons. There is an inverse relationship between temperature in the subtropical region, and the intensity of the subtropical westerly flow. This is consistent with Bejará n and Barros (2000) results, which show that stronger subtropical upper level flows (U 1 ) are accompanied with more frequent and northward intrusions of cold fronts. This, in turn, is obviously associated with lower temperatures over SSA. Due to the same argument, the positive correlation between U 2 and T SUB throughout the year, except for December-though not always significant-suggests that for stronger midlatitude upper level westerlies (U 2 ), the fronts tend to remain at higher latitudes and thus the temperature is warmer over the subtropics. The U 1 =U 2 ratio reflects the latitude of the westerly flow, rather than its intensity. Its correlation with T SUB was similar to that of U 1 , suggesting that not only the subtropical jet intensity but also its latitude is related to the subtropical surface temperature. Summarizing, there is a clear association, at monthly scale, between the northward (southward) displacement of the upper level circulation and below normal (above normal) surface temperatures over the subtropical Eastern South America, practically throughout the year.
3.2 Low level meridional flow and surface temperature Another important mechanism responsible for surface temperature variability is the change in the warm advection produced by the meridional component of the low-level flow over northern and central Argentina and Uruguay, and over southern Brazil. This meridional flow is very frequent and it appears in the mean circulation, Fig. 2 (Fig. 3b) . The more (less) positive this index is, the stronger (weaker) is the northern component of the geostrophic flow over that region. Table 2 shows the correlation between this index and T SUB , T SB , and T CA , and the averaged temperatures over central Argentina and over part of Uruguay (62.5 W-57.5 W, 27.5 S-35.0 S). The correlation coefficients showed a very significant relationship between enhanced zonal gradient (increased northern flow component) and above normal temperatures in central Argentina and Southern Brazil, especially in winter. This relationship holds throughout the year in Brazil, but not in central Argentina during summer, when cooling due to precipitation may contribute to reduce the warming of the surface temperature caused by the northern component of the low level flow as it will be analyzed in the next subsection.
The indices, based on the 850 hPa geopotential reanalyzes, may have errors caused by the difficulties of the prediction model used in the reanalysis to describe the flow near the Andes. Therefore, a similar index using radiosonde data was constructed as the difference between the average of geopotential height at 850 hPa in Resistencia, Buenos Aires and Porto Alegre stations in eastern SSA and in Cordoba, Salta and Mendoza stations in western Argentina, Fig. 3b . Though this index Z R does not exactly represent the same zonal gradient as the Z 1 -Z 3 index, both have similar correlations with regional surface temperatures and with the upper level index flow (Table 2) . Hence, the conclusions of the preceding paragraph are robust in the sense that they do not depend on a particular data set of the geopotential field. The latitude of the maximum westerly flow at the upper troposphere and the low-level meridional flow intensity are not completely independent. In fact, as shown in the last column of Table 2 , they were correlated indicating that sometimes both are connected to a common process, likely the meridional displacements of the frontal zone.
The correlation coefficients between the surface temperature and the circulation indexes were qualitatively similar no matter which of the two surface temperature data sets was used to compute the temperature indices. Therefore, the conclusions drawn are not dependent on the data set. Another point that should be noticed is that although the preceding discussion relates monthly mean temperature features to monthly mean circulation features, less-thana-month scale transient circulation modes may produce signals in the monthly mean temperature fields without necessarily producing signals in the monthly mean circulation fields or vice versa. This comment also applies to the discussions in the following sections. However, the results shown in Table 2 indicate that monthly to seasonal frequency modes modulate, at least partially, the relationship between atmospheric circulation and surface temperature.
Precipitation and surface temperature
The rainfall regime has considerable differences in SSA. In western Argentina, almost all the rainfall occurs during the austral summer with a very pronounced dry season in winter. Eastwards, the dry season tends to disappear, the annual amplitude of the rainfall diminishes, and the annual regime changes to a winter maximum in the east of Uruguay and in the coastal area of southern Brazil (Prohaska 1976) .
At least during spring, summer and autumn, precipitation in subtropical latitudes should lead to cooling at surface level due to radiation and evaporation processes. However, east of the Andes at monthly and quarterly scales, precipitation is correlated with the meridional flow throughout the year in a way that more (less) precipitation is associated with increased (reduced) northern flow and therefore with increased (less) warm advection (Table 3) . This is not the case in winter, probably because at this time of the year there is small advection of moisture from the north (Labraga 2000) and precipitation has the annual minimum in central Argentina. In the case of the Sb region, precipitation is not correlated with Zr because this region is outside of the meridional flow estimated through Zr, Fig. 3b . However, when an appropriate index is considered, namely Z 3 -Z 2 there is a similar correlation with precipitation (See Fig. 3b for the definition of Z 2 ). These results are consistent with the fact that an important source of water vapor in SSA is in the tropical forest (Wang and Paegle 1996; Zhou and Lau 1998; Labraga et al. 2000) . Accordingly, the correlation coefficients indicate an association between higher (lower) temperature and enhanced (diminished) precipitation that at least in spring, summer and autumn is opposite to what should have been expected from the precipitation processes alone (Table  3) . The only exception is in the summer season in central Argentina, where higher precipitation is associated to lower temperature, probably because most of the precipitation is convective and less related to frontal activity. Hence, the evaporation cooling and less radiation heating, generally associated to increased precipitation, are masked and overcome by the warming resulting from the advective processes that usually accompany the enhanced precipitation. Rusticucci and Penalba (2000) calculated the correlation between monthly precipitation and surface temperature. They found positive correlations over practically all SSA from April to October and predominantly negative ones in summertime, but since they considered individual stations, the correlations were mostly not significant. In addition, they used very few records in Brazil. Considering these differences, their results are broadly consistent with the ones shown in Table 3 . Table 4 presents the spatial correlation between the composite temperature anomalies of El Niñ o and La Niñ a calculated from both data sets, NCEP/ NCAR and observed temperatures, in South America between 20 S and 55 S.
Surface temperature anomalies during El Niñ o and La Niñ a events
Though mostly positive, the values are relatively small. This indicates that the strength and the sign of the calculated monthly anomalies, especially the small ones, may depend on which data set is used. Therefore, only the strongest anomalies present in both data sets should deserve consideration. This occurs only in JJA (0) when there is a large area with consistent anomalies during both EL Niñ o and La Niñ a events. Table 4 . Spatial correlation coefficients between composite temperature anomalies calculated from NCEP/ NCAR reanalysis and observed data set. Values significant at the 95% level are in bold. Figure 4 presents the surface temperature composite anomalies of El Niñ o and La Niñ a events, calculated from NCEP/ NCAR reanalysis, for the JJA (0) quarter. As described in section 2, the composite anomalies correspond to a three-month period in order to gain significance because of the relatively small sample. Although the corresponding anomalies calculated from the observed data set are not shown, they share the most important and consistent features. In the El Niñ o composite, there are positive and significantly consistent anomalies in most of the subtropical region between 20 S and 40 S, with a maximum of more than 1.4 C in northern Argentina (Fig. 4a) . As the topographic barrier of the Andes prevents the low-level flow from the west, these anomalies cannot be attributed to a warm advection from the eastern Pacific. Furthermore, east of the Andes temperature anomalies are considerably smaller over the contiguous Pacific than over the continent. In this region and at low levels, there is an enhanced flux from the tropics towards the subtropics with maximum intensity over northern Argentina, precisely over the core of the positive anomaly in temperature (Fig. 5a ). Figure 6a shows that the horizontal anomalous advection of temperature at 925 hPa presents a maximum of 0.5 C/day warming at the same location of the maximum anomaly in the surface temperature field. All these evidences indicate that the warm anomaly observed during the JJA (0) composite of El Niñ o events results from the enhancement of the warm advection at low levels. This is consistent with the intensification of the western part of the Subtropical high, Fig. 5a . In this sense, the anomalous field is similar to the situation described by Tanaka and Nishizawa (1983) for the 1983 autumn. On the other hand, precipitation anomalies north of 35 S were near zero, except in the part of Brazil where the surface temperature anomalies were smaller and not significantly consistent (Grimm et al. 2000) . Therefore, except for this region of Brazil and south of 35 S where positive precipitation anomalies predominate, in the rest of SSA the enhanced warm advection is not counterbalanced by the possible cooling of precipitation anomalies (Fig. 6 of Grimm et al. 2000) . In particular, the warmer temperature anomalies were registered in northern and central Argentina where in winter there is little precipitation and the meridional flow is not correlated with precipitation (Table 3) . Therefore, under these cir- cumstances, the effect of the meridional flow variability on temperature is not offset by precipitation as it is during the rest of the year. During the JJA (0) of La Niñ a events, the composite surface temperature and low-level circulation anomalies are nearly opposite to those occurring during El Niñ o events (Figs. 4b and 5b) though the significantly consistent anomalies in surface temperature reach higher latitudes. As in the El Niñ o composite, east of the Andes there is a general consistency between surface temperature anomalies and the change of the northern flow at low levels, except for a zonal shift between their maximum anomalies. The advection field (Fig. 6b) also appears shifted to the east with respect to the surface temperature anomalies. This lack of consistency between surface temperatures and the low-level flow was probably caused by the failure of the model used in the reanalyzes in representing the low-level flow near the Andes. This effect is more important north of 45 S where the Andes cordillera has considerable altitude, and where the shift between surface temperature anomalies and the anomalous advection of temperature was observed.
During the rest of the central phases of El Niñ o and La Niñ a, there are not large areas with significantly consistent anomalies. In the case of El Niñ o events, this can be attributed to the lack of significant anomalies in the lowlevel flow during the quarters of SON (0) and D (0) JF (þ) with the exception of certain northern flow anomaly in March (not shown). In La Niñ a events, during SON (0), there is a low-level flow anomaly similar to that of the winter but with a less intense southern component over eastern Argentina and southern Brazil. However, in this area there is strong negative anomaly in the precipitation that may counterbalance the cooling advective component (Fig. 6 of Grimm et al. 2000) . In summer, the flow anomaly over subtropical South America is important, but it is mainly from the west with very small meridional components to produce an appreciable change in the advection of temperature.
West of the Andes, surface temperature anomalies are of the same sign and not very much different from those in the neighboring Pacific Ocean, both in El Niñ o and La Niñ a composites. This seems a consequence of the narrow continental extension west of the Andes that is at most a few hundred kilometers, of the predominantly west and southwest circulation and of the strong sea surface temperature anomalies during the ENSO events.
Summary and concluding remarks
At monthly and seasonal scale, the intensification (reduction) of the west component of the upper-troposphere wind over SSA tends to be In SSA, monthly and seasonal precipitations are correlated positively with the northern component of the geostrophic flow. Therefore, although in subtropical latitudes, except for winter, the modification of radiation and evaporation associated to enhanced (reduced) precipitation anomalies should lead to surface level cooling (warming), the advection of temperature offsets the precipitation influence on surface temperature. Hence, there are positive correlations between precipitation and temperature, except for central Argentina in summer and for southern Brazil in certain months.
During El Niñ o and La Niñ a events, only in JJA (0) there are large areas in SSA with consistent anomalies in the surface temperature field. In most of the subtropical region, these anomalies are positive during El Niñ o and negative during La Niñ a events, with a maximum in northern Argentina. They coincide in time and approximately in space with an enhancement (reduction) of the northern component of the flow, and of the warm advection at low levels in El Niñ o (La Niñ a) events. During the rest of the central phases of El Niñ o and La Niñ a, there are not significant consistent anomalies over large areas. This is, in part, due to the lack of significant anomalies in the lowlevel meridional component of the flow during most of the El Niñ o and La Niñ a phases. The exception is in La Niñ a SON (0), when there is an anomalous southern component in the low level flow over eastern Argentina and southern Brazil, which is balanced by the strong negative anomalies in the precipitation field.
The fact that precipitation and the indexes representing warm advection are correlated in a way that more (less) precipitation is usually associated with more (less) low level warm ad- vection in most of SSA, results in the moderation of surface temperature variability. Hence, this is the reason why, though ENSO phases have a considerable impact on precipitation, their signals in the monthly or seasonal surface temperature field are relatively modest.
